Abstract-This paper addresses a joint subcarrier pairing and power allocation scheme in the orthogonal frequency division multiplexing (OFDM)-based Decode-and-Forward (DF) cooperative networks via a genetic approach. To suit the joint consideration, each chromosome in the proposed genetic algorithm (GA) is divided into an integer string for subcarrier pairing and a real number string for power allocation. In addition, new crossover and mutation operations are implemented for this new type of chromosomes. Conducted simulations show that the proposed GA-based approach outperforms some representative previous works with modest computational load.
I. INTRODUCTION
Cooperative networks can provide spatial diversity by relaying each other's messages to the destination and have been a promise for the next generation wireless communication systems [1] , [2] . Two most widespread cooperative protocols include amplify-and-forward (AF) and DF schemes. Meanwhile, the OFDM systems can offer high spectral efficiency and mitigate the problem of frequency-selective fading, and have received lots of attention recently. It is thus of importance to investigate the OFDM-based cooperative relay networks.
Proper power allocation has been an important issue to enhance the performance of cooperative networks, see, e.g. [3] , [4] . Also, in the OFDM-based relay systems, subcarrier pairing, which links the source-relay (S-R) subcarrier and the relay-destination (R-D) subcarrier, can improve the transmission rate [5] . For instance, the sorted channel pairing scheme, where the S-R link subcarrier and R-D link subcarrier with the same ranks of channel gains are paired together, has been proposed in [5] - [7] . To attain even superior performance, a number of works have been reported by taking the power allocation and subcarrier pairing into consideration as a whole. For example, Boostanimehr and Bhargava [8] proposed a selective subcarrier pairing and power allocation scheme by KTT condition in DF OFDM relay systems. Li et al. [9] and Wang et al. [10] solved the joint subcarrier pairing and power allocation by the dual iterative method, where the pairing scheme is resolved by the hungarian method [11] . The optimization of power allocation and subcarrier pairing in [9] , [10] , however, were treated separately, so the solution appears to be only suboptimal. In light of this, Hsu et al. [12] proposed an amendment algorithm to jointly solve the subcarrier pairing and power allocation problem by continuously relaxing the subcarrier pairing constraints, and solving the problem in the dual domain. However, the dual method in [12] needs to find the optimum Lagrange multiplier by the subgradient method [13] , which calls for enormous computational complexity due to its slow convergence.
To attain superior performance with modest computational cost, in this paper we consider a novel GA-based approach for joint power allocation and subcarrier pairing in OFDMbased DF relay networks. GA is an effective optimization technique that emulates the crossover and mutation phases in the evolution of a chromosome to efficaciously search the optimal solution [14] - [16] . To resolve the mixed integer programming (MIP) involved, the proposed GA, compared with the traditional GA, possesses some distinctive features. First, each chromosome is comprised of an integer string for the subcarrier pairing and a real number string for the power allocation to accommodate the joint consideration. Second, new crossover and mutation operations are implemented to accommodate these chromosomes. Conducted simulations show that the proposed GA-based approach outperforms some representative previous works.
II. SYSTEM MODEL
Consider a dual-hop, OFDM-based cooperative network, which consists of one source (S), one relay nodes (R), and one destination (D). The system divides the whole spectrum into Z subcarriers. The relay is assumed to operate in the half-duplex mode with the DF protocol, so it receives and transmits the signals in two phases. If subcarrier k in the phase I and subcarrier m in the phase II are paired, then it is referred to as subcarrier pair (SP)(k, m) [12] . Denote the channel coefficients from S to R and from R to D as h on subcarriers k and m, respectively. In phase I, source transmits the signal s k , intended for subcarrier k, to relay, where s k is normalized as E |s k | 2 = 1, in which E [·] denotes the expectation operation. Also, the average power used at source on subcarrier k is p S k in every transmission. The received signal at the relay node on subcarrier k, r k , can thus be expressed as
where v k is the additive white Gaussian noise on subcarrier k with zero-mean and variance N 0 . In phase II, let p R m be the power employed at the relay to forward the signal from source on subcarrier m, then the signal received by destination can be written as
where r k is normalized as E |r k | 2 = 1 and w m is the additive white Gaussian noise on subcarrier m with zero-mean and variance N 0 .
If the noise variance is assumed to be the same for all subcarriers, the received signal-to-noise ratio (SNR) at the relay node and at the destination can be expressed respectively as H 
N0
are the normalized channel gains. Also assume that the relay uses the same codebook as the source, so the S-D channel capacity with SP (k, m) can be expressed as
III. JOINT SUBCARRIER PAIRING AND POWER ALLOCATION

A. Problem Formulation
Consider a DF cooperative network discussed above, our objective is to take the issues of subcarrier pairing and power allocation as a whole so as to maximize the capacity under the individual power constraint. The problem can be posted as follows
where t k,m is the subcarrier pairing indicator, which is 1 if the subcarrier k in the source is selected with the subcarrier m in the relay, and zero otherwise. Note that the constraints (4c) and (4d) denote that the power employed at source and relay under the available total source power P S and total relaying power P R , respectively. The constraints (4e) and (4g) imply that each subcarrier in phase I or phase II can only be used once.
For simplicity of analysis, let [12] . Therefore, the source and relay power can be expressed, respectively, as
and the optimization problem with (4a) can be re-written as
where
are the equivalent channel gains. A straightforward approach for the MIP optimization problem in (6a) is to conduct an exhaustive search by testing all Z! possible subcarrier pairing, and then solve Z water-filling problems corresponding to the power allocation at each node. This approach, however, is infeasible for a practical number of subcarriers.
To resolve the optimization problem addressed above, below we address a GA-based approach to simultaneously select the most appropriate subcarrier pair SP(k, m) and find optimal power allocation at the source and the relay.
B. Proposed GA-Based Approach for Joint Subcarrier Pairing and Power Allocation
The new GA divides each chromosome into two parts: the subcarrier pairing part and the power allocation part, as shown in Fig. 1 . The genes in the subcarrier pairing part SP(S-R(i), R-D(i)) an integer string, whose S-R(i) and R-D(i) gene value indicates the rank of the S-R link and R-D subcarrier i, respectively. Meanwhile, like the conventional real GA, the genes in the power allocation part is formed by a sequence of real number, p k,m , whose i th gene value, p k,m (i), denotes the power allocated to the subcarrier pair SP(S-R(i), R-D(i)). To accommodate this chromosome structure, we also implement a mechanism that modifies the two key steps of the GA, namely, the crossover operation and the mutation operation. Next, we describe the steps of the proposed GA in which every solution is represented by a chromosome and the capacity in (6a) is taken as our fitness function.
Step 0:(Initialization)
The algorithm begins with creating P parent chromosomes, where P is the population size. The subcarrier pairing part, Figure 1 . Structure of the chromosome of the proposed GA comprises of 2Z genes, the gene value in S-R and R-D are a permutation of {1, . . . , Z} with large value corresponding to large channel gains. power allocation part comprises of Z genes which are randomly distributed in (0, P S + P R ).
Step 1: (Evaluation)
In each generation, the fitness values are computed for each of the P chromosomes of the current population by substituting t k,m and p k,m into the capacity in (6a). We also normalize the power to ensure that the power determined satisfy the constraints (6c) and (6d).
Step 2: (Selection)
In order to preserve better chromosomes (solutions) to yield better offsprings, we employ the truncated selection scheme [14] which only retains T parent chromosomes that have higher fitness values. We then reproduce them in a mating pool and randomly select two parent chromosomes in the following crossover step.
Step 3: (Crossover)
The new crossover step begins by constructing a (2Z +1)×1 crossover mask sequence which consists of 1's and 0's generated with equal probability [14] . The first 2Z elements of the mask are for the subcarrier pairing part, while the remaining element is for the power allocation part. For the subcarrier pairing part, we use the priority-based crossover [18] , which consists of two steps: exchange empty and sort refill. In the exchange empty, when the elements in the crossover mask are 1's, the genes of the two parent chromosomes in the corresponding positions will be exchanged, whereas if they are 0's, the genes will be emptied. Next, in the sortrefill the missing gene values sequentially in a descending order at both of the S-R and R-D link channel gains of the chromosome, beginning with genes of higher integer values before the exchange-empty step. Also, the genes filled in are those integers not appearing after the exchange-empty step. Such a refill process ensures that genes with larger values (high priority) still possess larger gene values after crossover, which simply reflects the fitness-survival principle of the GA [14] . For example, the values of the second and the forth genes are missing at the S-R link side of offspring a as shown in Fig. 2 . Since the second gene and the forth gene of parent a are with values 3 and 2, we thus fill in 2 and 1 in offspring a, respectively, in these two positions, as these two integers do not appear after the exchange-empty step. Likewise, we will fill in the second and the forth genes at the S-R link of offspring b by 2 and 3, respectively, which do not appear after the exchange-empty step. Similar procedures are also applicable to the R-D link of chromosomes a and b. It is noteworthy that based on this crossover, the S-R link genes and R-D link genes of the chromosomes will always contain a permutation of {1 . . . Z}, so the subcarrier pairing can be easily made.
The crossover operation in the power allocation part is based on the arithmetic crossover operation [17] . For example, the parent chromosomes a and b, along with the mask 1, will produce the offspring chromosomes a and b as shown in Fig. 3 . Furthermore, if the crossover mask equals 1, the genes in the power allocation part at the point randomly picked will be regenerated as a i = (1−β)×a i +β ×b i , b i = β ×a i +(1− β) × b i , while the genes at the right side of the mating point will be exchanged, where β is randomly distributed in (0, 1).
As an example, suppose that β = 0.6 and the cross point is 3, and β = 0.3 for the power allocation part as shown in Fig.  (4) . This crossover operation will repeat until the size of the population, P .
Step 4: (Mutation)
The new mutation operation is also divided into two operations: the integer mutation for the subcarrier pairing part, and the uniform mutation for the power allocation part. First, for each chromosome, we create a 2 × 1 mutation mask sequence comprising of 1's and 0's generated according to the mutation probability p m [14] . In the subcarrier pairing part of the chromosome, if the first element of the mask is 1, two genes values which are randomly selected in the mating point will be exchanged. However, if the first element is 0, the corresponding genes remain the same. For the genes in the power allocation part, if the corresponding mutation mask is 0, then the genes will remain the same, whereas, if the mutation mask is 1, the offspring will become LB i + (U B i − LB i )β i , where LB i and U B i denote the lower bound and upper bound of the gene values, respectively, and β i is randomly distributed in (0, 1). For example, consider the mutation mask sequence shown in Fig. 4 . Since the first element of the mutation mask sequence is 1, two randomly selected genes in the subcarrier pairing part of the offspring a', say the second and the third genes, will be exchanged, resulting in {3, 1, 4, 2}. Meanwhile, as shown in Fig. 4 , since the elements in the mutation mask sequence corresponding to the power allocation part is equal to 1, the power allocation part of the offspring a' will become {0.02, 0.2, 0.23, 0.5}.
Step 5: (Repeat/End)
The algorithm repeats Steps 1 to 4 until the number of the generations meets the prescribed number G, after which the chromosome with the maximum fitness value is chosen.
IV. SIMULATIONS AND DISCUSSIONS
Some simulations are conducted in this section to assess the proposed algorithm. Consider the OFDM-based DF cooperative network addressed in Sec. 2, where the channels of the subcarriers are assumed to be independent and identically distributed (i.i.d.) Rician fading channels with K-factor= 1 [12] . The noise power density N 0 is assumed to be one. 50 Monte Carlo trials are conducted for each trial. For simplicity, P S = P R = P I . Three algorithms are carried out for comparison, including the sorted channel pairing (SCP) method with water filling [6] , Hungarian method with water filling [9] and the amendment alogorithm [12] .
We first evaluate the convergence behavior of the proposed GA approach with Z = 32 and the individual power P I = 1. The comparison of the overall system capacity versus the number of generations for the proposed GA is as shown in Fig.  5 . As expected, the capacity of GA improves as the number of generations, G, or the size of the population, P , increases. We can notice that the capacity remains about the same when P ≥ 500 or when G ≥ 50. Therefore, in the following simulations, we use P = 500 and G = 50.
First, we compare the capacity versus the individual power P I , where Z = 32 and 64, as shown in Fig. 6 and Fig.  7 , respectively. We can observe from Figs. 6 and 7 that the performance of all algorithms improves as P I increases. The SCP and Hungarian methods yield the worst performance as they optimize the power allocation and subcarrier pairing separately. The algorithm in [12] provides better performance by jointly determining the power allocation and subcarrier pairing. The proposed approach outperforms these algorithms by simultaneously taking the power allocation and subcarrier pairing into consideration which without relaxing the subcarrier pairing constrains.
Next, we compare the capacity versus the total number of Figure 5 . Convergence characteristics of the proposed GA subcarrier Z, as shown in Fig. 8 , where P I = 1. We can note from Fig. 8 that the capacity increases as Z increases, the proposed GA outperforms these three algorithms. The performance improvement becomes more significant when Z increases because that we can get a better subcarrier pair to attain even subcarrier performance.
To assess the computational overhead, we compare the complexity of the aforementioned four algorithms in terms of the number of calculated sum rate in (6a) and the CPU time required. Note first that the SCP, the Hungarian method and the amendment algorithm require to calculate the sum rate O(2Z 2 I), O(2Z 2 I +Z 3 ) and O(3Z 2 I) to obtain the solution, respectively, where I is the number of iterations required to converge. In contrast, the complexity of the proposed GA mainly depends on the crossover and mutation operations, which complexity required about O(G(P M + P M + P )), where M equals 3 × Z is the size of the chromosome. Therefore the complexity is O(GP M ). As an alternative, we compare the complexity of the aforementioned three algorithms in terms of the CPU time required. For this, we compare these algorithms based on the CPU time required versus Z, as shown in Fig. 9 , where the computer employed is with Intel(R) Core(TM)i7-2600 CPU @3.40GHz and the system RAM is 8GB. We can observe from Fig. 9 that the CPU time of these three algorithms increases as Z increases and that the CPU time of the proposed GA is higher than the SCP and Hungarian method and lower than that of the amendment algorithms.
V. CONCLUSIONS
In this paper, we have developed a GA for simultaneously determining the optimal subcarrier pairs and power allocation in OFDM-based DF relay networks. Such a joint consideration entails a new structure of chromosomes along with new 
